We have experimentally studied micrometer-scale domain wall (DW) motion driven by a magnetic field and an electric current in a Co/Pt multilayer strip with perpendicular magnetic anisotropy. The thermal activation energy for DW motion, along with its scaling with the driving field and current, has been extracted directly from the temperature dependence of the DW velocity. The injection of DC current resulted in an enhancement of the DW velocity independent of the current polarity, but produced no measurable change in the activation energy barrier. Through this analysis, the observed current-induced DW velocity enhancement can be entirely and unambiguously attributed to Joule heating.
Introduction
In viable solid-state 'racetrack memory' devices [1] , domain walls (DWs) in patterned magnetic strips must be rapidly moved over micrometer-scale distances. DWs in such devices can be displaced unidirectionally by spin-polarized current through spin transfer torque (STT) [2, 3] . Out-of-plane magnetized materials with perpendicular magnetic anisotropy (PMA) [4] have recently gained considerable attention due to reports of small threshold current densities for continuous DW motion [5] [6] [7] . Rapid DW motion in the flow regime (figure 1) with estimated maximum velocities of 40-60 m s −1 [8] [9] [10] and even ∼100 m s −1 [11, 12] have been achieved by injecting large current pulses with current densities J between ∼5×10 7 and ∼3 × 10 8 A cm −2 .
By contrast, low currents (J < 5 × 10 7 A cm −2 ) typically drive DWs in strips with PMA by the thermally activated process of creep or depinning (figure 1) through a pinning potential landscape [15] [16] [17] [18] . The velocity v of a thermally activated DW is expressed by the general Arrhenius relationship
where k is the Boltzmann constant and T is the temperature. The activation energy E A depends on the effective driving field H eff , which can be generalized to include both an externally applied magnetic field H and the effects of STT. Nonadiabatic STT pushes a DW directly in the direction of the spin-polarized electron current, and acts as a field-like term proportional to J [18] [19] [20] . Adiabatic STT distorts a DW within a pinning potential by acting on its conjugate momentum [19] [20] [21] [22] [23] , facilitating DW displacement irrespective of the current polarity [18] . When these are Figure 1 . Three regimes of DW dynamics driven by a magnetic field and/or spin-polarized current (after [13, 14] ).
combined, the effective field takes the form [18] [19] [20] H eff = H + εJ + cJ 2 where ε and c are coefficients related to the nonadiabatic and adiabatic STT, respectively [18] . In addition to STT, current gives rise to Joule heating [24, 25] and a concomitant temperature rise T ∼ J 2 which, given the exponential form of equation (1), can lead to significant DW velocity enhancement for even a small temperature rise. Extracting the contributions of J to DW velocity in the thermally activated regime requires both a careful assessment of the Joule heating and a direct knowledge of the scaling of E A with H eff . DW motion driven by weak forces (at low velocities ∼10 −7 -10 −3 m s −1 ) is reported to follow the creep scaling E A ∼ H −µ eff [14] [15] [16] [17] [18] [26] [27] [28] , where µ = 1/4 for a one-dimensional DW moving in a two-dimensional disordered medium. In the regime of intermediate driving force (velocities typically ∼10 −3 -10 m s −1 ), the exact scaling of E A (H eff ) is not well established, though it has been suggested to approach E A ∼ (H crit − H eff ) as H eff approaches the critical depinning field H crit [26] .
Previous studies of slow (v < 10 −3 m s −1 ) micrometerscale current-assisted DW motion assumed the creep scaling to analyze the effects of current [15] [16] [17] [18] . However, when dealing with higher velocity regimes in which the scaling of E A (H eff ) is uncertain, such an assumption may lead to an incorrect analysis of current-assisted DW motion. In this study, we examine thermally activated DW motion in a prototypical Co/Pt multilayer-based strip with PMA, as a function of H, J, and T. Through a detailed temperaturedependent study, we directly determine the functional form E A (H eff ) without assuming a particular scaling model, and ascertain that the observed current-induced DW velocity enhancement is solely due to Joule heating.
Experimental details
We have examined DW motion in a submicrometer wide Co/Pt multilayer strip with a film structure Si(100)/ SiO 2 (100 nm)/TaO x (4.0)/Pt(1.5)/[Co(0.6)/Pt(1.0)] 2 /Co(0.6)/ Pt(1.5). The resistive TaO x buffer layer reduces current shunting while maintaining the pronounced (111) texture in the Pt and Co layers necessary for establishing PMA [29] . The current distribution in this structure is expected to be symmetric, so Rashba [30] and Oersted field effects from the injected current could be neglected. An 800 nm wide strip was fabricated using electron-beam lithography, magnetron sputtering, and liftoff. An off-axis sputtering geometry was employed such that sidewall deposition was minimized, thereby reducing edge roughness from liftoff. A second layer of electron-beam lithography was carried out to overlay a Cu line for DW nucleation, and Cu contacts and pads for current injection, as shown in figure 2(a) . Both the patterned strip and its continuous film counterpart exhibited square hysteresis loops and full remanence in the out-of-plane direction.
DW displacement was probed using a scanning magnetooptic Kerr effect (MOKE) polarimeter with a focused laser-beam spot size of ∼3 µm and stage motion resolution of 50 nm. The measurement procedure was as follows. The strip was first saturated by an out-of-plane magnetic field greater than the nucleation field (>350 Oe), and then a reverse driving field (108-176 Oe) was applied. A 1 µs long current pulse with an amplitude of 44 mA was sent through the Cu line to initialize a DW with the out-of-plane component of the localized Oersted field, as done elsewhere [8-10, 16, 18, 28 ]. The initialized DW was then driven along the strip by the applied field, while the polar MOKE signal was monitored in time at a fixed position to detect the passage of the DW. This procedure was repeated 50-100 times for each value of the driving field to obtain an averaged magnetization reversal transient (MOKE signal versus time) with sufficient statistics. Each averaged reversal transient thus corresponds to a cumulative probability distribution of DW arrival time at the probe spot location.
Figure 2(b) shows average reversal transients measured at several positions along the strip for a driving field H = 148 Oe. The stochastic nature of the thermally activated DW propagation is evidenced by the exponential tail of the averaged reversal transients, which increases in breadth with increasing distance along the strip due to increasing dispersion in the total transit time. The average DW arrival time, taken as the time t 0.5 at which the probability of magnetization switching was 0.5, is plotted versus position in figure 2(c) . The data show a linear increase of t 0.5 with increasing distance from the DW nucleation line, verifying that reversal occurs by propagation of the nucleated DW and indicating that the average DW velocity is uniform along the length of the strip. The thermally activated DW displacement was thus likely governed by depinning from uniformly dispersed nanoscale defects, rather than by a small number of large defects. Since DWs were observed to move homogeneously on average, the average DW velocity in all subsequent measurements was extracted by measuring transients 12 µm away from the DW initialization line, i.e. v = 12 µm/t 0.5 . To take into account the breadth of the DW velocity from the stochastic nature of the DW motion, we also recorded t 0.3 and t 0.7 (the times at which the probabilities of switching are 0.3 and 0.7, respectively) to define upper and lower bounds of DW velocity, i.e. v + = 12 µm/t 0.3 and v − = 12 µm/t 0.7 . 
Field and current dependence of the DW velocity
Using the procedure described in section 2, we first measured the DW velocity in the Co/Pt strip as a function of the driving field at a substrate temperature of 295 K, as shown in figure 3(a) . The temperature of the strip in the absence of injected current was assumed to be the same as the substrate temperature. As seen in figure 3(b) , ln(v) scales as H −1/4 , suggesting DW motion in the creep regime, i.e. E A ∼ H −1/4 . The linear fit yields the 'effective pinning field' (as defined by [27, 28] ) at T = 295 K of H eff C = 3.3 × 10 9 Oe, which is about a factor of 3 larger than that reported for ∼1 µm wide Pt/Co/Pt strips in [27, 28] .
The current-induced DW velocity enhancement was then measured over a range of fixed driving field. The DW velocity enhancement v(J)/v(J = 0) is plotted in figure 3(c) at H = 125 Oe, for DC currents of 0.30, 0.60, 0.80, 1.00, and 1.20 mA (corresponding to current densities J of 0.55 × 10 7 , 1.10 × 10 7 , 1.47 × 10 7 , 1.84 × 10 7 , and 2.21 × 10 7 A cm −2 , respectively, assuming a uniform current distribution throughout the conductive cross section). A nearly fourfold velocity enhancement was observed at the largest J. However, no discernible dependence on the current polarity was observed. A possible origin of this large, polarity-independent velocity enhancement is the temperature rise in the strip due to the DC current (Joule heating), as suggested by the exponential dependence of the DW velocity on the temperature in equation (1) .
To quantify the temperature rise due to Joule heating, we measured the strip resistance separately as a function of both J and the substrate (strip) temperature T using a temperature-controlled stage, as shown in figure 3(d) . From these data, we extracted an empirical relation between J and the increase in strip temperature, T = hJ 2 , where h = 2.6 × 10 −14 K (A cm −2 ) −2 ( figure 3(d) ). With a DC current acting as a constant heat source, the strip temperature increased by as much as ∼13 K for the maximum current density in this study. To directly account for the effects of Joule heating on the observed current-induced DW velocity enhancement, we have independently measured the temperature dependence of the DW velocity and the velocity scaling, as described in section 4.
Temperature dependence of the domain wall velocity and the scaling of the energy barrier
The DW velocity was measured versus temperature using a temperature-controlled stage incorporated into the scanning MOKE system. We examined the DW dynamics with the substrate temperature set from 295 K (∼ambient temperature) to 320 K in intervals of 5 K with a fluctuation of ∼+/ − 1 K. This small temperature range of 25 K was deemed sufficient for this study, because the injection of small DC currents (∼1 mA) through the strip resulted in temperature increases of ∼10 K. Also, physical properties such as the saturation magnetization and PMA are expected to be roughly constant within this small temperature range, which is significantly below the Curie temperature of ∼400-600 K [14, 31] . Figure 4 (a) shows v(H) at several temperatures. As expected from equation (1), the DW velocity increases with temperature, by about an order of magnitude for T ∼ 25 K. The isothermal v(H) curves are individually well described by ln(v) ∼ H −1/4 scaling ( figure 4(b) ), but when plotted against H −1/4 T −1 the data fail to collapse onto a single curve ( figure 4(c) ). Hence, despite the seemingly good fits of figure 4(b), creep scaling does not apply in any range of the driving force examined in this study.
Rather than empirically determining the scaling exponents, we have directly extracted the functional relation between E A and the driving field by fitting ln(v) versus 1/T ( figure 5(a) ). The activation energy, determined from the slope of each fit, is plotted versus H in figure 5(b) . The DW dynamics on the low field (H < 135 Oe) side shows some evidence of approaching the creep scaling E A ∼ H −1/4 . However, as seen already in figure 4(c), this scaling relation clearly cannot account for the measured E A (H) data over the field range shown in figure 5(b) . Instead, at least for H > 135 Oe, E A scales approximately linearly with the driving field, consistently with a simple depinning model [26] :
Here V A is the activation volume, M S is the saturation magnetization, and H crit is a (phenomenological) zerotemperature depinning field. The linear fit for H > 135 Oe in figure 5(b) yields H crit ∼ 220 Oe and 2V A M S ∼ 0.010 eV Oe −1 . Assuming the sample saturation magnetization M S = 1700 emu cm −3 [29] and thickness t = 1.8 nm (both from the three ferromagnetic Co layers), we estimate a characteristic 'activation length' of
∼ 50 nm, which is on the same order as the grain size of Co/Pt multilayers observed in other studies [31, 32] .
The effect of current on the domain wall motion
By analyzing the directly extracted activation energy, we compared thermally activated DW motion assisted by a current to that driven solely by a field (as reported in section 4). Figure 6(a) shows that, with the injection of DC current at |J| = 1.84 × 10 7 A cm −2 , the DW velocity was enhanced by a factor of ∼2 as compared to the zero-current case. At |J| = 1.84 × 10 7 A cm −2 , the sample temperature rise due to Joule heating was ∼8.5 K ( figure 3(d) ), and the velocity enhancement was slightly below that for the case with a 10 K sample temperature rise ( figure 6(a) ). The velocity enhancement increased with the magnitude of the current density and was independent of the current polarity. To examine the contribution of Joule heating, we plotted the DW velocity against the actual strip temperature T * , which is the sum of the substrate temperature T sub = 295 K and the temperature increase due to Joule heating hJ 2 ( figure 3(d) ). As seen for the H = 125 Oe data in figure 6(b) , there is a close correspondence between DW velocities with current at a constant substrate temperature v(J)| Tsub=295 K and those with different substrate temperatures at zero current v(T sub )| J=0 (reported in section 4). Furthermore, as shown in figure 6(c) , the activation energies extracted from v(J)| Tsub=295 K and v(T sub )| J=0 agree with each other within the noise level for the entire range of driving field. Thus, the rise in strip temperature T * due to Joule heating is the dominant factor in enhancing thermally activated DW motion in our Co/Pt multilayer strip, with no discernible current-induced contribution to H eff . This finding is consistent with those from previous studies on similar Co/Pt strips [11, 24, 25, 33] , which also showed the lack of STT effects in unidirectionally assisting Figure 6 . (a) DW velocity versus magnetic field with and without DC current (J = +/−1.84 × 10 7 A cm −2 ) with the substrate at room temperature (T sub = 295 K). Positive current means the electron current is in the direction of field-driven DW motion. Solid curves show the DW velocity with zero current at different substrate temperatures T sub = 295 K + T (also shown in figure 4(a) ). micrometer-scale motion of DWs. Cormier et al estimated that only ∼1% of the total current through a Pt/Co/Pt strip was spin polarized and contributed to the DW motion through STT, mostly because of the small thickness of the ferromagnetic Co layer and the poor transmission of electrons across the Co/Pt interfaces [25] . Although the Co/Pt strip in this present study has a greater Co content than that investigated by Cormier et al, the spin-polarized current that exerts torque on a DW is still likely a small fraction of the total current, and therefore the dominant effect of current injection is Joule heating rather than STT.
Conclusion
We have experimentally studied the thermally activated motion of DWs in a Co/Pt strip with PMA. The activation energy as a function of field was extracted directly from DW velocity measurements at different substrate temperatures. The injection of DC current enhanced the DW velocity but did not shift the activation energy, indicating that the effect of STT in this sample was negligible and that Joule heating was the dominant contribution. This Co/Pt multilayer strip does not exhibit notable STT effects, likely because of the poor spin polarization of the current [25, 33] . To increase the spin polarization and hence STT, Co/Pt with thicker Co layers or multilayers of predominantly ferromagnetic materials (e.g. Co/Ni) may be used. Nonadiabatic STT may be enhanced by the current-generated Rashba field in ultrathin film strips with asymmetric structures (e.g. Pt/Co/AlO x ) [12, 30] . Adiabatic STT may be enhanced in strips whose magnetic anisotropy is close to the transition between out-of-plane and in-plane ones [7] . Our method of directly characterizing the activation energy may elucidate fundamental aspects of STT, which will be essential in developing DW memory devices with low power and high performance.
